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doi:10.1016/j.kjms.2012.04.037Abstract This study evaluates the influence of different implant materials on the primary
stability of orthodontic mini-implants by measuring the resonance frequency. Twenty-five
orthodontic mini-implants with a diameter of 2 mm were used. The first group contained stain-
less steel mini-implants with two different lengths (10 and 12 mm). The second group included
titanium alloy mini-implants with two different lengths (10 and 12 mm) and stainless steel
mini-implants 10 mm in length. The mini-implants were inserted into artificial bones with
a 2-mm-thick cortical layer and 40 or 20 lb/ft3 trabecular bone density at insertion depths
of 2, 4, and 6 mm. The resonance frequency of the mini-implants in the artificial bone was
detected with the Implomates device. Data were analyzed by two-way analysis of variance
followed by the Tukey honestly significant difference test (aZ 0.05). Greater insertion depth
resulted in higher resonance frequency, whereas longer mini-implants showed lower resonance
frequency values. However, resonance frequency was not influenced by the implant materials
titanium alloy or stainless steel. Therefore, the primary stability of a mini-implant is influ-
enced by insertion depth and not by implant material. Insertion depth is extremely important
for primary implant stability and is critical for treatment success.
Copyright ª 2012, Elsevier Taiwan LLC. All rights reserved.t of Orthodontics, Kaohsiung Medical University Hospital, 100 Tzyou 1st Road, Kaohsiung 80756,
tw (H.-P. Chang).
vier Taiwan LLC. All rights reserved.
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Titanium alloy is currently widely used in orthodontic mini-
implants. The demand for titanium has increased because
of its use in various industrial fields, and it is becoming
more expensive [1]. Thus, in some countries, stainless
steel mini-implants d rather than titanium alloy mini-
implants d are more commonly used.
The requirement for orthodontic treatment modalities
that provide maximal anchorage control and minimal
patient compliance has led to the application of implant-
assisted orthodontics [2]. Mini-implants allow orthodontists
to achieve treatment goals that were previously considered
extremely difficult, if not impossible. The clinical success
rate of mini-implants in implant orthodontics exceeds 80%
[3], a figure that has improved considerably from the past,
but which remains imperfect.
Mini-implant stability has traditionally been difficult to
evaluate and is often reduced to a simple assessment of
mobility. Dental implant stability can be measured using
a resonance frequency analyzer [4]. In 2000, the Osstell
device (Integration Diagnostics AB, Go¨teborg, Sweden) was
introduced to determine the status of dental implants.
Another type of resonance frequency analysis has proven
useful for detecting dental implant stability in a series of
in vivo and in vitroexperiments [5e7]. This studyuseda novel
resonance frequency detection device (Implomates;
BioTech One Inc., Taipei, Taiwan) to monitor the stability of
orthodontic mini-implants.
The present study evaluates the influence of different
implant materials on the primary stability of orthodontic
mini-implants by measuring the resonance frequency.Figure 1. (A) Titanium alloy mini-implant (diameter, 2 mm; leng
length, 12 mm). (C) Titanium alloy mini-implant (diameter, 2 mm
2 mm; length, 10 mm).Materials and methods
Orthodontic mini-implants
Twenty-five orthodontic mini-implants (2.0 mm in diam-
eter; Bio-Ray, Syntec Scientific Corp., Taipei, Taiwan) were
used (Fig. 1 and Table 1). The first group contained stainless
steel mini-implants with two different lengths (10 and
12 mm). The second group included titanium alloy mini-
implants with two different lengths (10 and 12 mm) and
stainless steel mini-implants of 10 mm length. This study
used five of each type.
Bone specimens
Mechanical test blocks of artificial bone (Sawbones;
Pacific Research Laboratories Inc., Vashon Island, WA, USA)
were selected (Table 2) as a jaw bone equivalent. The
mean bone mineral density is 0.55 g/cm3 for the anterior
maxilla and 0.31 g/cm3 for the posterior maxilla [8]. Poly-
urethane foam blocks with a bone density of 40 lb/ft3
(0.64 g/cm3) and 20 lb/ft3 (0.32 g/cm3) were chosen for the
experimental groups. The average cortical bone thickness
ranges from 1.09 to 2.12 mm in the maxilla and from 1.59 to
3.03 mm in the mandible [9]. Sheets with a cortical layer
thickness of 2 mm were selected.
Pilot hole preparation and mini-implant insertion
Two pilot holes were prepared, one without a pilot hole and
one with a 1-mm pilot hole diameter. The 1-mm-diameterth, 12 mm). (B) Stainless steel mini-implant (diameter, 2 mm;
; length, 10 mm). (D) Stainless steel mini-implant (diameter,
Table 1 Mini-implant materials used in the study.
Product Description Composition Manufacturer
Titanium alloy
mini-implant
2  12 mm Titaniume6 aluminume4 vanadium Bio-Ray, Syntec Scientific Corp., Taipei, Taiwan
Titanium alloy
mini-implant
2  10 mm Titaniume6 aluminume4 vanadium Bio-Ray, Syntec Scientific Corp., Taipei, Taiwan
Stainless steel
mini-implant
2  12 mm 316L stainless steel Bio-Ray, Syntec Scientific Corp., Taipei, Taiwan
Stainless steel
mini-implant
2  10 mm 316L stainless steel Bio-Ray, Syntec Scientific Corp., Taipei, Taiwan
Primary stability of orthodontic mini-implants 675pilot hole was chosen because it is the size recommended
for clinical application by the mini-implant manufacturer.
The pilot holes were 2 mm deep, extending through the
cortical bone layer.
Each mini-implant was inserted manually with a hand
driver. The stainless steel mini-implant was placed with no
preliminary site preparation. The titanium alloy mini-
implant was placed into the pilot hole with 2-mm-depth
site preparation. The implants were sequentially inserted
further into 4- and 6-mm-deep holes.
Resonance frequency analysis
This experiment measured the resonance frequency of the
mini-implants inserted into the artificial bone at three
different insertion depths (2, 4, and 6 mm). All measure-
ments were made using a resonance frequency analyzer
(Implomates; BioTech One, Inc.) (Fig. 2). Each measure-
ment was repeated three times for each type of mini-
implant and insertion depth to calculate the mean value.
Mean values of the five mini-implants of each type were
used as the measured variables.
Statistical analysis
The data were analyzed using statistical software JMP 8
(SAS Institute Inc., Cary, NC, USA). Two-way analysis of
variance (ANOVA) was used for statistical analysis of the
main effects of the mini-implant types, insertion depths,
and their interactions. The Tukey honestly significant
difference test was used to examine post-hoc pairwise
differences between mini-implant types within insertion
depths and between insertion depths within mini-implant
types (a Z 0.05).
Results
Tables 3 and 4 present the mean resonance frequency
values and the standard deviations from the four types ofTable 2 Mechanical properties of artificial bone (Sawbones) u
Density Comp
Strength
Cortical bone 1.64 157 MPa
Trabecular bone 0.64 31 MPa
Trabecular bone 0.32 8.4 MPamini-implants of 2 mm in diameter. The mini-implants were
sequentially inserted into the artificial bone with a trabec-
ular bone density of 40 and 20 lb/ft3 at three different
insertion depths. Two-way ANOVA revealed the effects of
the mini-implant type and insertion depth and their inter-
action to be statistically significant (p < 0.0001) (Tables 5
and 6). The multiple comparison procedure of the means
using the Tukey honestly significant difference test
demonstrated significantly higher resonance frequency
values for greater insertion depths (6 mm > 4 mm > 2 mm;
p < 0.0001). However, the comparisons indicated that
titanium alloy and stainless steel mini-implants of the same
length (10 mm) demonstrated no significant difference in
terms of resonance frequency values (p Z 0.5055). Tita-
nium alloy mini-implants 12 mm in length showed lower
resonance frequency values than the titanium alloy or
stainless steel mini-implants that were 10 mm in length
(p < 0.0001).
Comparisons between the stainless steel mini-implants
thatwere two different lengths and among the three types of
titanium alloy and stainless steel mini-implants that had a 2-
mm insertion depth (pZ 0.9969 or pZ 0.9986) showed no
statistically significant differences. The mini-implants
showed no statistically significant differences between
the 10-mm-long stainless steel mini-implants inserted
4mmdeep and the 12-mm-longmini-implants inserted 6mm
deep (pZ 0.1252). Analysis of themini-implants revealed no
statistically significant difference between the titanium
alloy or stainless steel mini-implants 10-mm-long inserted
4 mm deep and titanium alloy mini-implants 12 mm long
inserted 6 mm deep (pZ 0.9539 or pZ 0.9286).Discussion
Surgical stainless steel and commercially pure titanium are
widely used materials in oral surgical and orthopedic
internal fixation. Although precise specifications are
unavailable for many orthodontic mini-implants, most are
made from titaniumealuminumevanadium (Ti6eAle4 V)sed in this study.
ressive Tensile
Modulus Strength Modulus
16.7 GPa 157 MPa 16 GPa
759 MPa 19 MPa 1000 MPa
210 MPa 5.6 MPa 284 MPa
Figure 2. (A) The Implomates, resonance frequency
analyzer used in the study. (B) Resonance frequency (kHz) of
test mini-implant detected using the Implomates device.
Table 4 Mean  standard deviation of the resonance
frequency values (kHz) for mini-implants inserted in artifi-
cial bone with trabecular bone density of 20 lb/ft3 in the
second group.
Insertion
depth
Stainless
steel, 10 mm
Titanium
alloy, 10 mm
Titanium
alloy, 12 mm
2 mm 1.190  0.138 1.120  0.018 1.120  0.014
4 mm 4.543  0.180 4.533  0.096 3.143  0.102
6 mm 7.197  0.175 7.080  0.320 4.413  0.157
676 C.-Y. Pan et al.alloys. The titanium alloy is used instead of pure titanium
because of its superior strength, which allows it to over-
come common problems with pure titanium mini-implants
such as fractures or distortions. Stainless steel is one of the
most frequently used oral surgical and orthopedic implant
materials because of a favorable combination of mechan-
ical properties, biocompatibility, cost-effectiveness, and
manufacturing ease [10,11]. A large volume of literature is
available on titanium alloy mini-implants and their types,
properties, and loading behavior [12e14]. In contrast,
reports regarding the use of stainless steel mini-implants
are scarce.
Mini-implants with the same length had similar reso-
nance frequency values regardless of implant material.Table 3 Mean  standard deviation of the resonance
frequency values (kHz) for mini-implants inserted in artifi-
cial bone with trabecular bone density of 40 lb/ft3 in the
first group.
Insertion
depth
Stainless
steel, 12 mm
Stainless
steel, 10 mm
2 mm 1.140  0.025 1.160  0.015
4 mm 3.363  0.032 4.783  0.077
6 mm 4.897  0.120 7.597  0.070Despite the numerous differences between stainless steel
and titanium alloy, both materials provide a relatively
predictable clinical outcome, and offer similar success for
fulfilling the main biomechanical requirements of stability.
Greater insertion depths resulted in higher resonance
frequency values, thus increasing primary implant stability.
Therefore, mini-implants should be inserted as deeply as
possible to achieve maximum stability. A greater insertion
depth is recommended not only to achieve proper stability,
but also to avoid large tipping moments at the bone rim,
which may lead to an implant failure caused by excess
strain and stress at the boneeimplant interface in the
cortical bone [15]. Mini-implants are typically inserted at
a site with a thin gingiva to achieve proper primary stability
and to avoid large tipping moments and unfavorable
cantilever effects [15,16].
From a biomechanical viewpoint, a mini-implant inser-
ted in the jaw bone, which is fixed at one end but free to
vibrate at the other, is a simple cantilever beam. The
resonance frequency (f ) of such a cantilever beam can be
expressed as follows:
fZa
ﬃﬃﬃﬃﬃﬃ
EM
rl4
r
where l stands for the effective vibrating length of the
beam, r is the mass per unit length, E is Young’s modulus, M
is the moment of inertia, and a is a constant related to the
boundary conditions [17].
According to this formula, the resonance frequency of
a mini-implant may be associated with its boundary condi-
tions, such as the surrounding bone quality and effective
vibrational length,meaning exposed length. Previous studies
have shown that lower resonance frequency values are
associated with less healthy implants because of a larger
exposed length (larger l value) [6]. These findings are
consistent with the results of our study where 12-mm-long
mini-implants exhibited lower resonance frequency values
than 10-mm-long mini-implants. Using longer implants is an
ineffective approach to increase primary mini-implant
stability. Conversely, implants with larger exposed length
decrease resonance frequency, thus decreasing the primary
stability.
Resonance frequency analysis could serve as a noninva-
sive diagnostic assessment for detecting the stability of
mini-implants. In 2000, the Osstell device (Integration
Diagnostics AB) was introduced for monitoring dental
implant status. The Osstell adopts the basic principle of
Table 5 Summary of two-way ANOVA for effects and interactions of mini-implant types and insertion depths in the first group.
df Sum of squares Mean square F ratio p
Insertion depth 2 130.85119 65.42560 14231.550 <0.0001
Mini-implant type 1 14.19115 14.19115 3086.896 <0.0001
Mini-implant type  insertion depth 2 8.98163 4.49082 976.854 <0.0001
Error 24 0.11033 0.00460
Primary stability of orthodontic mini-implants 677the harmonic response method. During its application, the
Osstell transducer must be screwed into the dental
implant with a torque of 10 N cm, almost half the force
used to insert an implant. The possible adverse effects of
microdamage [18] should be considered. Specification and
selection of the transducer used for dental implants are
available on the Internet: http://www.osstell.com. Finding
a transducer that is suitable for the size and structure of
a mini-implant is difficult. The impulse force triggering
method is another type of resonance frequency analysis
using the Implomates device (BioTech One, Inc.). The
design of the Implomates transducer allows for minimum
contact with no torque force required during its applica-
tion. A dental implant study showed that a highly positive
linear correlation exists between the resonance frequency
values measured with the Implomates and implant
stability quotient (ISQ) values derived from the Ossstell
device (r Z 0.991, p < 0.001) [19].
The stability of mini-implants is influenced by mechan-
ical retention and biological reactions. Primary stability is
a mechanical phenomenon related to bone quality and
quantity, mini-implant geometry, and placement technique
[20]. Secondary stability is a consequence of bone modeling
and remodeling at the implantebone interface [21].
Various taper designs have been introduced to enhance the
initial stability of dental implants or mini-implants [21,22].
The conical-shaped mini-implants could provide a tighter
contact between the implant and bone tissue than the
cylindrical-shaped ones because the taper shape has
different diameters between the upper and lower parts
[23,24]. The conical-shaped mini-implants might produce
good primary stability. However, for the taper mini-
implant, the development of excessive compression stress
at the initial boneeimplant interface may produce micro-
damage and ischemia of the surrounding adjacent bone,
delay bone healing, and induce implant failure [21,25,26].
Excessive compression stress may be detrimental to the
stability of the mini-implant. Therefore, the conical-shaped
mini-implant may require modification of the threadTable 6 Summary of two-way ANOVA for effects and interactio
group.
df Sum of sq
Insertion depth 2 195.551
Mini-implant type 2 19.214
Mini-implant type  insertion depth 4 12.074
Error 36 0.917structure to reduce possible excessive insertion torque. In
addition, the insertion technique may use pre-drilling or
self-tapping instead of self-drilling to reduce possible
excessive placement torque.
Orthodontic mini-implants are used mainly for primary
loading. The primary stability of mini-implants might be
supported mainly by mechanical locking [27]. This is related
to the mechanical characteristics of the interface between
the mini-implant and bone in relation to factors such as
screw diameter, length, and design. Numerous other
factors can contribute to primary implant stability including
bone quality and quantity, oral hygiene, and installation
technique, but these factors are excluded in the current
study. Primary stability is an important factor influencing
the survival rate of mini-implants.
In this study, the stainless steel mini-implants had
a conical shape, and titanium alloy mini-implants had
a cylindrical shape. The conical-shaped mini-implant
induced a tighter contact with the adjacent bone tissue
than the cylindrical-shaped ones, as mentioned previously.
However, the small surface area of the conical implant
decreases the contact surface with the bone [28] and may
reduce primary stability. However, resonance frequency
analysis showed no significant difference between the two
types of mini-implants when they were of the same length.
Therefore, primary stability of the conical-shaped mini-
implant is controversial. Further long-term in vivo evalua-
tion of stability between cylindrical-shaped stainless steel
and conical-shaped titanium alloy mini-implants is
necessary.
In conclusion, despite the numerous differences
between stainless steel and titanium alloy, both materials
offer similar success in fulfilling the main mechanical
requirements of stability in mini-implants. Measuring the
resonance frequency with an Implomate device is a prac-
tical, noninvasive, and nondestructive approach to eval-
uate the stability of mini-implants. Further long-term
clinical research is still required to support the findings of
this in vitro study in artificial bone blocks.ns of mini-implant types and insertion depths in the second
uares Mean square F ratio p
44 97.77572 3835.735 <0.0001
48 9.60724 376.891 <0.0001
96 6.03748 118.425 <0.0001
67 0.02549
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